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2QHSDUWKDV WREH ODVHUWUDQVSDUHQWZKHUHDV WKHRWKHUKDV WRSRVVHVVDKLJKDEVRUSWLRQFDSDELOLW\7KXVZLWK WKH





0RVW WKHUPRSODVWLFV IHDWXUHDKLJK WUDQVSDUHQF\ LQ WKH VSHFWUDO UDQJHRI FODVVLFEHDPVRXUFHVXVHG LQSRO\PHU
ZHOGLQJQP,QRUGHUWRVHQVLWL]HWKHPWRODVHUUDGLDWLRQDEVRUEHUVDUHXVHGZKLFKLVFRQVLGHUHGDVWKH
PDLQ GUDZEDFN RI ODVHU WUDQVPLVVLRQ ZHOGLQJ >@ $EVRUEHUV QRW RQO\ UHTXLUH DQ DGGLWLRQDO SURFHVV VWHS IRU
DSSOLFDWLRQ EXW DOVR DIIHFW WKH RSWLFDO SURSHUWLHV RI WKH FRPSRQHQW ,Q WKH HDUO\ GD\V FDUERQ EODFN ZDV XVHG
H[FOXVLYHO\ GXH WR LWV RXWVWDQGLQJ DEVRUSWLRQ SURSHUWLHV DW ORZ FRVW2YHU WLPH QHZDEVRUEHUVZHUH GHYHORSHG WR
VDWLVI\WKHLQFUHDVLQJGHPDQGIRUDODUJHUFRORUYDULHW\RIODVHUZHOGDEOHSDUWV7RGD\ODVHUDEVRUEHQWSDUWVFDQKDYH
DOPRVWDQ\FRORURUHYHQEHWUDQVSDUHQW>@
'HVSLWH WKH JUHDW LQGXVWULDO VXFFHVV RI ODVHU WUDQVPLVVLRQ ZHOGLQJ WKHUH LV VWLOO D ODUJH SRWHQWLDO IRU IXUWKHU




FKDQQHOV DQG UHDFWLRQPL[LQJ FKDPEHUV&DSSLQJRI WKHPLFURIOXLGLF VWUXFWXUHV LV DQ HVVHQWLDO SURFHVV VWHS LQ WKH









SRO\PHU UHVSHFWLYHO\ LV WKH DEVRUSWLRQ FRHIILFLHQW Į :LWKRXW WDNLQJ VFDWWHULQJ LQWR DFFRXQW D VPDOO DEVRUSWLRQ
FRHIILFLHQWLQGLFDWHVKLJKWUDQVSDUHQF\IRUWKHFRQVLGHUHGUDGLDWLRQZDYHOHQJWK+RZHYHUZLWKLQFUHDVLQJDEVRUSWLRQ




ܫሺݖሻ ൌ ܫ଴ ή ݁ିఈή௭ 

ZLWK,EHLQJWKHLQWHQVLW\RIWKHHQWHULQJUDGLDWLRQDQG]WKHFRRUGLQDWHLQWKHGLUHFWLRQRIEHDPSURSDJDWLRQ>@
7KH OHIW VLGHRI)LJXUHVKRZVD W\SLFDO LQWHQVLW\SURJUHVVLRQ LQFODVVLF WUDQVPLVVLRQZHOGLQJZKHUH WKHSODFHRI





&ODVVLF ODVHU VRXUFHV DUH QR ORQJHU VXLWDEOH DV WKHLU UDGLDWLRQ LV EDUHO\ DEVRUEHG E\ PRVW WKHUPRSODVWLFV ,Q
FRQWUDVW DW ODUJHUZDYHOHQJWKV SRO\PHUV VKRZ FKDUDFWHULVWLF DEVRUSWLRQ EDQGV FDXVHG E\ UHVRQDQFH YLEUDWLRQV RI
VSHFLILFPROHFXODUJURXSVRI WKHSRO\PHUFKDLQ>@,Q ODVHUFXWWLQJ WKH LQWULQVLFDEVRUEDQFHRISRO\PHUVKDVEHHQ
H[SORLWHG E\ &2 ODVHUV IRU PDQ\ \HDUV +RZHYHU LQ WKLV VSHFWUDO UDQJH RQO\ WKLQ IRLOV FDQ EH ODSZHOGHG DV
UDGLDWLRQRI&2ODVHUVGRHVQRWSHQHWUDWHGHHSO\LQWRSRO\PHUV>@0RUHIDYRUDEOHSURSHUWLHVLQWHUPVRIRSWLFDO
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2Q WKH EDVLV RI VLPLODU DEVRUSWLRQ FRHIILFLHQWV WKH LQWHQVLW\ RI LQFLGHQW UDGLDWLRQ GURSV HYHQO\ RYHU WKH HQWLUH
FURVVVHFWLRQ IROORZLQJ WKH ODZ RI /DPEHUW %HHU )LJXUH  ULJKW VLGH $V KLJKHU ORFDWHG PDWHULDO OD\HUV DUH
LQHYLWDEO\H[SRVHGWRDKLJKHULQWHQVLW\WKHMRLQLQJSDUWQHUVDUHSODVWLFL]HGIURPWRSWRERWWRP7KHUHIRUHHIIRUWVLQ
DEVRUEHUIUHHODVHUWUDQVPLVVLRQZHOGLQJDLPDWPHOWLQJWKHLQWHUIDFHVHOHFWLYHO\
2.2. State of the art 




WKH WKHUPDO ORDG WKH MRLQLQJSDUWQHUVDUHH[SRVHG WRGXULQJ LUUDGLDWLRQ ,W LV IRUPHGE\KHDWLQJDQGFRROLQJRI WKH
PDWHULDO ZKLFK ORFDOO\ FKDQJHV LWV PRUSKRORJ\ DQG UHIUDFWLYH LQGH[ UHVSHFWLYHO\ 7\SLFDOO\ LQ DEVRUEHUIUHH
WUDQVPLVVLRQZHOGLQJWKH+$=ZLGHO\H[WHQGVDORQJWKHEHDPD[LVDVDUHVXOWRIWKHXQLIRUPDEVRUSWLRQZLWKLQWKH
MRLQLQJSDUWQHUV&RPSDUHGWRFRQYHQWLRQDOODVHUZHOGLQJDWKLQQHUOD\HUEHWZHHQWKH+$=DQGWKHH[WHUQDOVXUIDFHV
UHPDLQV VROLGGXULQJ LUUDGLDWLRQZKLFKFDQ OHDG WR IRUPDWLRQRIEXOJHVZKHQQRSUHVVXUHRUFRQYHFWLYHFRROLQJ LV
DSSOLHGWRFRXQWHUDFWWKHWKHUPDOH[SDQVLRQ)LJXUH%HVLGHVDIIHFWLQJWKHSDUW¶VDSSHDUDQFHEXOJHVDOVRLQGXFH





WKH LQWHQVLW\ VWURQJO\ GHFUHDVLQJ WRZDUGV WKH H[WHUQDO VXUIDFHV WKH MRLQLQJ SDUWQHUV DUH VXSSRVHG WR IXVH DW WKH
LQWHUIDFHZKLOHUHPDLQLQJVROLGLQWKHVXUURXQGLQJDUHDV>@7KHVDPHDLPLVSXUVXHGZLWKWKHVXSHULPSRVLWLRQ
RIVHYHUDOODVHUEHDPVRIZKLFKWKHLQWHQVLWLHVDGGLQWKHFURVVLQJSRLQW7KLVDSSURDFKLVVWDWHGWRSURYLGHDVPDOOHU
+$= FRPSDUHG WR VKDUS IRFXVLQJ KRZHYHU RQO\ IRU VPDOO DEVRUSWLRQ FRHIILFLHQWV  PP >@ $ IXUWKHU
RXWFRPHLVWKDWVXSHULPSRVLQJIRXUEHDPVLQVWHDGRIWZRSURYLGHVDPRUHIDYRUDEOHUHVXOW LQWHUPVRIWKHYHUWLFDO
H[WHQW RI WKH+$=2Q WKLV EDVLV0DPXVFKNLQ >@ LQYHVWLJDWHV WKH LQIOXHQFH RI D KROORZ FRQHVKDSHG LQWHQVLW\
GLVWULEXWLRQREWDLQHGE\DTXDVLVLPXOWDQHRXVLUUDGLDWLQJRIDULQJPLUURU7KLVLQWHQVLW\GLVWULEXWLRQFRUUHVSRQGVWR
WKHOLPLWLQJFDVHRIVXSHULPSRVLQJDQLQILQLWHQXPEHURILQGLYLGXDOEHDPVDQGKDVSURYHQLWVFDSDELOLW\WRSURGXFH
YHUWLFDOO\ OHVV H[WHQGHG+$=V7KHPDLQ GUDZEDFN LV WKH RFFXUULQJ DVWLJPDWLVPGXH WR WKH FXUYDWXUH RI WKH ULQJ
PLUURUWKDWSUHYHQWVDQHYHQPRUHVHOHFWLYHPHOWLQJRIWKHMRLQLQJDUHD
&RQVLGHULQJ WKH UHVXOWV LQ WKH OLVWHG VWXGLHV LW ZDV QRWHG WKDW WKH H[WHQW RI WKH+$= LVPRUH UHVWULFWHGZKHQ
ZHOGLQJLVSHUIRUPHGDWORZVSHHGV,WLVSUHVXPHGWKDWERWKWKHFODPSLQJJODVVSODWHDQGWKHVWUHDPRIFRPSUHVVHG
DLUZKLFKZHUHXVHGLQWKHDGGUHVVHGVWXGLHVDFWDVDKHDWVLQNWKXVEHLQJDEOHWRUHPRYHWKHJHQHUDWHGKHDWIURP
WKH VXUIDFH QHDU OD\HUV ZKHQ WKH HQHUJ\ LV SXW LQ DW D ORZ SDFH 7KLV SUHVXPSWLRQ LV FRQILUPHG E\ WULDOV XVLQJ
VDSSKLUH DV D FODPSLQJ SODWH LQVWHDG RI JODVV 'XH WR LWV FRQVLGHUDEO\ KLJKHU WKHUPDO FRQGXFWLYLW\ WKH SRO\PHUV
VXUIDFHUHPDLQHGVROLGHYHQZLWKRXWDSSO\LQJVWURQJIRFXVLQJ>@
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$QRWKHU DSSURDFK JHWWLQJ D YHUWLFDOO\ OHVV H[WHQGHG+$= LV OD\LQJ VHYHUDO VPDOO VHDPV VLGH E\ VLGH >@ %\
GHFUHDVLQJWKHHQHUJ\GHSRVLWLRQERWKWKHKHLJKWDQGWKHZLGWKRIWKH+$=FDQEHUHGXFHG7RREWDLQDFHUWDLQ+$=
ZLGWKZKLOHPDLQWDLQLQJ LWV KHLJKW WKH EHDP LV JXLGHG VHYHUDO WLPHV DORQJ WKHZHOGLQJSDWK EHLQJRIIVHW LQ HDFK
F\FOH7KHSRWHQWLDOWRLQIOXHQFHWKH+$=IRUPDWLRQWKURXJKGLIIHUHQWEHDPJXLGDQFHPHWKRGVFRXOGDOVREHVKRZQ
LQ >@ZLWK TXDVLVLPXOWDQHRXVZHOGLQJRIIHULQJ WKHPRVW SURPLVLQJ UHVXOWV ,Q WKLV SDSHU WKLV DSSURDFK VKDOO EH
IXUWKHUH[DPLQHG
2.3. Quasi-simultaneous laser welding 
2YHUWLPHVHYHUDOYDULDQWVRIODVHUWUDQVPLVVLRQZHOGLQJKDYHHYROYHGWKDWGLIIHULQWHUPVRIVKDSHDQGJXLGDQFH
RI WKHEHDP%HVLGHV FRQWRXUZHOGLQJ WKHPRVW FRPPRQYDULDQWV DUHPDVN VLPXOWDQHRXV DQGTXDVLVLPXOWDQHRXV
ZHOGLQJRIZKLFKWKHODWWHUVKDOOEHFRQVLGHUHGPRUHFORVHO\>@







KLJKHU LQYHVWPHQW FRVWV IRU D TXDVLVLPXOWDQHRXV ODVHU ZHOGLQJ V\VWHP )XUWKHUPRUH WKH OHQJWK RI WKH ZHOGLQJ
FRQWRXU LV OLPLWHG DV WKH FRROLQJ LQWHUYDOV EHWZHHQ WKH F\FOHV EHFRPH ORQJHU ZLWK LQFUHDVLQJ FRQWRXU OHQJWK
'HSHQGLQJRQ WKH FDSDELOLW\ RI WKHZHOGLQJ V\VWHP RQO\ D FHUWDLQPD[LPXP OHQJWK FDQEHTXDVLVLPXOWDQHRXVO\
LUUDGLDWHG([FHHGLQJWKDWVSHFLILFOHQJWKWKHPDWHULDOVROLGLILHVEHIRUHEHLQJSDVVHGDJDLQE\WKHODVHUEHDPZKLFK
SUHYHQWVVHWWLQJRIWKHMRLQLQJSDUWQHUV
:KLOH LQ FODVVLF WUDQVPLVVLRQ ZHOGLQJ TXDVLVLPXOWDQHRXV ZHOGLQJ LV PDLQO\ XVHG EHFDXVH RI WKH PHQWLRQHG
















%HDPVRXUFH ,3*7/5  )RFDOGLDPHWHU P
6FDQQHU 5\ODVH6XSHUVFDQ  5D\OHLJKOHQJWK PP





WKH MRLQLQJSDUWQHUV$V WKLV LVVXH LV OHVV SURQRXQFHGZLWK VKDUS IRFXVLQJRSWLFV WKH UHDVRQ VHDPV WR EH WKHKLJK
LQWHQVLW\RQWKHVDPSOHVVXUIDFH%HFDXVHRIWKHUHODWLYHO\ODUJH5D\OHLJKOHQJWKWKHLQWHQVLW\GURSVVORZHURXWVLGH
WKHEHDPZDLVW6LQFHLPSXULWLHVRQWKHVDPSOHVXUIDFHDUHPRUHOLNHO\WREXUQDWKLJKLQWHQVLWLHVDPRUHIDYRUDEOH
LQWHQVLW\ GLVWULEXWLRQ ZLWKLQ WKH MRLQLQJ SDUWQHUV KDV EHHQ DVSLUHG E\ SODFLQJ WKH IRFDO SODQH  PP EHORZ WKH
LQWHUIDFH
3.2. Results 
3.2.1. Preliminary contour welding trials 

,QWKHUXQXSWRWKHWULDOVUHODWHGWRTXDVLVLPXOWDQHRXVZHOGLQJDQDUELWUDU\SDUDPHWHUVHWIURPFRQWRXUZHOGLQJ







)LUVW WKH HIIHFW RI WKH LQWHUDFWLRQ WLPHEHWZHHQ WKH ODVHU EHDPDQG WKH SRO\PHU LV LQYHVWLJDWHGE\SHUIRUPLQJ
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7KH ULJKW KDQG VLGH RI )LJXUH  LOOXVWUDWHV WKH IRUPDWLRQ RI WKH+$= DW  -PP IRU GLIIHUHQW IHHG UDWHV DQG
LQWHUDFWLRQWLPHVUHVSHFWLYHO\$VH[SHFWHGWKH+$=UHDFKHVWRWKHRXWVLGHVRIWKHMRLQLQJSDUWQHUVPDLQWDLQLQJLWV
VKDSHDERYHWKHWKUHVKROGIHHGUDWH%HORZWKHWKUHVKROGWKHVL]HRIWKH+$=FOHDUO\GHFUHVHVHVSHFLDOO\DORQJWKH
EHDPD[LV$SSDUHQWO\DWVORZIHHGUDWHVKHDW LVUHPRYHGFRQGXFWLYHKHDW WUDQVSRUWIURPWKHRXWHUOD\HUVRI WKH







,Q WKH FRQWH[W RI ODVHUZHOGLQJY LV WKH IHHG UDWH RI WKH ODVHU EHDP DQG5 LWV UDGLXVZKHUHDV D LV WKH WKHUPDO
GLIIXVLYLW\ RI WKH WKHUPRSODVWLF EHLQJ ZHOGHG (YHQ WKRXJK WKH WKHUPDO GLIIXVLYLW\ LV WHPSHUDWXUHGHSHQGHQW LQ
SDUWLFXODUIRUVHPLFU\VWDOOLQHSRO\PHUVLWFDQEHDVVXPHGDVPPVIRU3&ZLWKVXIILFLHQWDFFXUDF\>@,QFDVH
RI 3p !  KHDW FRQYHFWLRQ GRPLQDWHV RYHU KHDW FRQGXFWLRQ ZKHUHDV IRU 3p   KHDW FRQGXFWLRQ LV GRPLQDQW





3.2.2. Quasi-simultaneous trials 
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TXDVLVLPXOWDQHRXVO\8VLQJFRQWRXUZHOGLQJ WKH+$=KDVDZLGWKRIaPVSUHDGLQJDFURVV WKHHQWLUH FURVV
VHFWLRQ+8+/aPRIWKHMRLQLQJSDUWQHUV&RPSDUHGWRWKLVTXDVLVLPXOWDQHRXVZHOGLQJSURYLGHVDORZHU
WRWDOKHLJKW +8+/aPDW WKHVDPHZLGWK YDOXHVDUH LQWHUSRODWHG+RZHYHU WKHUHGXFWLRQRI WKHYHUWLFDO
H[WHQWRIWKH+$=E\FRPHVDWWKHH[SHQVHRIWKHHQHUJ\LQSXWZKLFKLQWKDWFDVHLVDSSUR[LPDWHO\
:KLJKHUFRPSDUHGWRFRQWRXUZHOGLQJ
7KH UHDVRQ ZK\ WKLV DSSURDFK SURYLGHV D PRUH IDYRUDEOH HQHUJ\ GHSRVLWLRQ ZLWKRXW VDFULILFLQJ WKH RYHUDOO
ZHOGLQJ WLPH EHFRPHV FOHDU FRQVLGHULQJ WKH WHPSHUDWXUH SURJUHVVLRQ DW DQ\ JLYHQ SRLQW RQ WKH ZHOGLQJ FRQWRXU
)LJXUH  ULJKW ,W LV FOHDU WKDW WKH WRWDO LQWHUDFWLRQ WLPH W,WRWDOEHWZHHQ WKH ODVHU EHDP DQG WKHPDWHULDO UHPDLQV












EHFRPH VPDOOHUGXH WR WKH VKRUWHU LQWHUDFWLRQ WLPH W,&RQFXUUHQWO\ WKH FRROLQJSKDVH W&EHFRPHV VKRUWHU DVZHOO
ZKLFKUHGXFHVWKHWHPSHUDWXUHGURS$VWKHWHPSHUDWXUHFXUYHEHFRPHVVPRRWKHUWKHWLPHRISHULRGLFLUUDGLDWLRQFDQ
EHFRQVLGHUHGDV WRWDO LQWHUDFWLRQ WLPH6XEVWLWXWLQJ W,WRWDO IRU W3,  /YāQ V(TXDWLRQFDQEH VROYHG IRU WKH
IHHGUDWHQ ZKLFKHTXDOVY PPV3ODFLQJWKHREWDLQHGYDOXHLQ(TXDWLRQ5 PD PPV
WKH UHVXOWLQJ 3qFOHW QXPEHU LV 3q  :LWK WKH FRUUHVSRQGLQJ SDUDPHWHU VHW IRU FRQWRXU ZHOGLQJ Q 




DUH VLJQLILFDQWO\ ODUJHU7KHUHIRUH DQ DWWHPSW KDV EHHQPDGH WR WUDQVIHU WKH LUUDGLDWLRQ FRQGLWLRQV WKHPDWHULDO LV























+$= GLPHQVLRQV IRU ORQJHU FRQWRXUV +RZHYHU DW /  PP WKHUH ZDV QR ORQJHU D +$= GHWHFWDEOH ZKLFK
LQGLFDWHVWKHFROODSVHRIKHDWDFFXPXODWLRQ$WWKLVSRLQWWKHYLUWXDO3qFOHWQXPEHULV3q ZKLFKZDVLQWURGXFHG




FRPSDUHG WRFRQWRXUZHOGLQJ2QWKHEDVLVRIDUHODWLYHO\VKRUWFRQWRXUPPDQ LUUDGLDWLRQUHJLPHLV LQLWLDOO\
GHWHUPLQHGZKLFKSURYLGHVDVHOHFWLYHHQHUJ\GHSRVLWLRQ7KH LUUDGLDWLRQFRQGLWLRQVRFFXULQJZLWK WKLV UHJLPHDUH
WKHQWUDQVIHUUHGWRORQJHUFRQWRXUVE\DGDSWLQJWKHSDUDPHWHUVDFFRUGLQJWRWKHFRQWRXUOHQJWK7KLVZD\WKH+$=
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GLPHQVLRQVFRXOGEHPDLQWDLQHGXSWRPPOHQJWK)RUORQJHUFRQWRXUVLWLVQRWSRVVLEOHWRNHHSXSWKHUHTXLUHG
LUUDGLDWLRQ UHJLPHGXH WR D ODFNRI ODVHU SRZHU+RZHYHU E\ LQFUHDVLQJ WKH QXPEHU RI SDVVHV D VHOHFWLYH HQHUJ\
















































482   Viktor Mamuschkin et al. /  Physics Procedia  83 ( 2016 )  472 – 482 
WHFKQLTXH3URFHHGLQJVRIWKHQG,QWHUQDWLRQDO&RQJUHVVRQ$SSOLFDWLRQVRI/DVHUV	(OHFWUR2SWLFVS0LDPL
>@ 0DPXVFKNLQ9(QJHOPDQQ&$GHQ02ORZLQVN\$&RPSDULVRQRIGLIIHUHQWLUUDGLDWLRQPHWKRGVLQDEVRUEHUIUHHODVHU
WUDQVPLVVLRQZHOGLQJ3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO&RQJUHVVRQ/DVHU$GYDQFHG0DWHULDOV3URFHVVLQJ/$03.LWDN\XVKX
>@ +RIIPDQQ:0/DVHUGXUFKVWUDKOVFKZHLHQXQSLJPHQWLHUWHU.XQVWVWRIIH'RFWRUDO7KHVLVS5:7+$DFKHQ8QLYHUVLW\

